The mechanisms by which MUC1 and p120 catenin contribute to progression of cancers from early transformation to metastasis are poorly understood. Here we show that p120 catenin ARM domains 1, 3-5 and 8 mediate interactions between p120 catenin and MUC1, and that these interactions modulate dynamic properties of cell adhesion, motility and metastasis of pancreatic cancer cells. We also show that different isoforms of p120 catenin when co-expressed with MUC1 create cells that exhibit distinct patterns of motility in culture (motility independent of cell adhesion, motility within a monolayer while exchanging contacts with other cells, and unified motility while maintaining static epithelial contacts) and patterns of metastasis. The results provide new insight into the dynamic interplay between cell adhesion and motility and the relationship of these to the metastatic process.
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Abstract:
The mechanisms by which MUC1 and p120 catenin contribute to progression of cancers from early transformation to metastasis are poorly understood. Here we show that p120 catenin ARM domains 1, 3-5 and 8 mediate interactions between p120 catenin and MUC1, and that these interactions modulate dynamic properties of cell adhesion, motility and metastasis of pancreatic cancer cells. We also show that different isoforms of p120 catenin when co-expressed with MUC1 create cells that exhibit distinct patterns of motility in culture (motility independent of cell adhesion, motility within a monolayer while exchanging contacts with other cells, and unified motility while maintaining static epithelial contacts) and patterns of metastasis. The results provide new insight into the dynamic interplay between cell adhesion and motility and the relationship of these to the metastatic process.
Introduction
Human MUC1, a type I transmembrane glycoprotein expressed at the apical surface of normal glandular epithelial cells (1, 2), is overexpressed and aberrantly glycosylated by most adeoncarcinomas (3) (4) (5) (6) . The MUC1 precursor undergoes an autoproteolytic cleavage (7) , resulting in two associated subunits: a large extracellular domain; and a smaller membrane-associated domain that includes a short juxtamembrane region of the extracellular domain, a transmembrane domain, and a cytoplasmic tail (8, 9) . The extracellular domain is extensively glycosylated by mucin-type O-linked oligosaccharides (10) and can protrude 200-500 nm above the cell membrane, providing lubrication of luminal spaces, protection against microbial infection, and general control of the biochemical environment at the cell surface (11) . This structure also mediates cell-cell and cellextracellular matrix (ECM) interactions by binding to or competing with other adhesion molecules (12) (13) (14) (15) .
Overexpression of MUC1 promotes tumor cell invasion and metastasis (15, 16) .
The carboxyl terminal cytoplasmic tail of MUC1 (MUC1 CT) is highly conserved among different species and contains several sites that are differentially phosphorylated by receptor tyrosine kinases and other kinases (17) leading to oncogenic effects (10, (18) (19) (20) including morphogenetic signaling through β-catenin and the Wnt signaling pathway (18, 21) (22) . MUC1 has also been reported to interact with and affect nuclear localization of p120 catenin (23) . However, the significance of interactions of MUC1 CT and p120 catenin remain poorly understood. P120 catenin contributes to cadherin-mediated cell adhesion and actin cytoskeletal organization (24) by binding to the juxtamembrane domain of the cadherin cytoplasmic tail, separated from the conserved cateninbinding domain to which β-catenin binds (25) . P120 catenin stabilizes E-cadherin at the cell surface by facilitating E-cadherin trafficking to the cell surface, protecting E-cadherin from endocytic degradation and regulating E-cadherin recycling (26) (27) (28) (29) (30) .
P120 catenin has a central domain consisting of 10 ARM repeats, flanked by N-terminal coiled-coil and regulatory domains, and a C-terminal tail of unknown function (24) . There are four isoforms that differ in amino termini due to alternative splicing and usage of alternate translation initiating codons, and each has a distinct start codon in the N-terminal region (24, (31) (32) (33) . Isoform 1 has a coiled-coil domain at the N-terminus and is mostly expressed in highly motile cells (macrophages, fibroblasts); isoform 2 contains the entire "regulatory region"; isoform 3 has most of regulatory region and is preferentially expressed by epithelial cells; isoform 4 lacks the majority of the regulatory region and is rarely detected in normal tissues.
Here we report that p120 catenin is not detected in pancreatic cancer cell line S2-013, and that reexpression of p120 catenin in these cells stabilized and enhanced E-cadherin and β-catenin expression.
Expression of different p120 catenin isoforms with and without MUC1 induced distinct morphologies, cell adhesion, and dynamic properties of motility along with different metastatic properties in vivo. The results demonstrate that MUC1 and p120 catenin play a coordinated role in regulating cell adhesion, motility and metastasis in pancreatic cancer.
Materials and Methods.
Detailed materials and methods are reported in the supplementary information. All materials and methods employed previously reported reagents and techniques.
Results
Endogenous p120 expression in several pancreatic cell lines
We evaluated the effect of MUC1 expression on the endogenous steady state expression of p120 catenin in several pancreatic cancer cell lines including Panc1, Capan1, FG, S2-013. Whole cell protein lysates were evaluated by western blotting (Fig. 1A) . There was increased p120 catenin expression when MUC1 was highly expressed in the Panc1 and Capan1 cell lines (to levels that are consistent with that observed in primary cancers) and decreased p120 catenin levels upon knockdown of MUC1 in FG cells. No forms of p120 catenin were detected in S2-013 cells with an antibody to the carboxyl-terminus.
Association of MUC1 and endogenous P120 catenin in pancreatic cancer cells
We evaluated the potential of interaction between MUC1 with p120 catenin by confocal immunofluorescence microscopy analysis of these two proteins in Capan1 cells (Fig. 1B) . Antibodies against the C-terminal cytoplasmic tail of MUC1 were co-localized with antibodies to p120 catenin in both cytoplasm and nucleus. We confirmed and quantified interactions between p120 catenin and MUC1 by proximity ligation (Fig. 2A) . The results showed that high levels of MUC1 increased the interactions between p120 catenin and MUC1. We also detected interactions between p120 catenin and MUC1 in both the cytoplasm and nucleus of Panc1 cells ( Fig. 2A) .
Interactions of MUC1 and p120 catenin decrease p120 catenin association with E-cadherin
Expression of MUC1 resulted in increased steady state levels of p120 catenin and increased interaction between P120 catenin and the C-terminal cytoplasmic tail of MUC1 (MUC1 CT). Given that p120 catenin has been shown to interact with E-cadherin through ARM domains 1-5 and 7 (34), we sought to investigate the possibility that MUC1 competes with E-cadherin for binding to p120 catenin. We performed proximity ligation assays ( Fig. 2B ) and co-immunoprecipitations (Fig. 2C ) in Capan1 cells to determine whether MUC1 expression decreased the association of p120 catenin with E-cadherin. The results show that high levels of MUC1 decreased the relative number of detectable p120 catenin/E-cad complexes. Decreased association of p120 catenin and E-cadherin is predicted to impact adhesion junctions and increase potential EMT activity by epithelial cells.
Stable expression of mp120 constructs in S2-013 under conditions of high MUC1 expression.
P120 catenin was not detected by a p120 antibody specific for the C-terminus in S2-013 cells. Given that S2-013 cells do not express high levels of endogenous MUC1, we concluded that this cell line would represent a unique model system to map the domains of interaction between MUC1 and p120 catenin and to determine the biological effects of re-expression of p120 catenin in the context of low expression and high expression of MUC1. We therefore expressed murine p120 constructs (mp120) (Figure S. 1) encoding full length isoform 1A (1A-WT), isoform 3A (3A-WT), N-terminal deleted isoform 4A (4A-WT), and a C-terminal deleted construct (1A∆C1) in MUC1 expressing S2-013.MUC1F (35) and control S2-013.Neo (35) cell lines by transduction with LZRS retroviral particles encoding the p120 ctn constructs. We sought to identify the critical p120 sequences that mediate interactions with MUC1. Expression of the constructs were verified by western blotting using mAb 8D11, which recognizes the C-terminus of mp120 (mp120 3A-WT and 4A-WT); and 6H11, which recognizes the 1A isoform (mp120 1A∆C1) (Fig. 3A) . We also expressed mp120 constructs in which each of 10 different ARM repeat domains were deleted (∆ARM1-10) in S2-013.MUC1F and S2-013.Neo cell lines. These constructs were derived from the 3A-WT isoform. Expression was confirmed by western blotting using mAb 8D11.
N-terminal and C-terminal domains are dispensable for association between MUC1 and p120 catenin
To determine whether the N-terminal and C-terminal domains of p120 catenin are required for association with MUC1, we immunoprecipitated complexes from cell lysates containing the different constructs, separated the complexes on SDS-PAGE, and probed western blots for full-length, N-terminal deleted, C-terminal deleted mp120 and MUC1. We used mAb 8D11 that specifically recognizes the C-terminus of mp120 to immunoprecipitate full-length and N-terminal deleted mp120, and mAb 6H11 that recognizes the N-terminus of the 1A isoform to immunoprecipitate the C-terminal deleted mp120 1A∆C1. The results showed that all three mp120 constructs interacted with MUC1 (Fig. 3B) . Therefore, we concluded that the interaction between p120 and MUC1 does not require the N-terminal regulatory domain or the C-terminal domain of p120.
Association between MUC1 and mp120 by its ARM domains
We next investigated the role of specific ARM domains in the association of MUC1 and p120 catenin.
Cell lysates of S2-013.MUC1F and S2-013.Neo expressing 10 different deletion constructs (mp120 ∆ARMs 1-10) were immunoprecipitated with mAb 8D11 that specifically recognizes the C-terminus of mp120 (Fig. 4) , followed by western blotting with mAb CT-2 against MUC1 CT. The results revealed that mp120 ∆ARM2, 6-7 and 9-10 associated with MUC1. The associations of ∆ARM2, 7 and 9 with MUC1 were strong as significant amounts of protein were co-immunoprecipitated, and the associations of ∆ARM6 and 10 were detected at lower levels, given that less MUC1 protein was co-immunoprecipitated with 8D11. ∆ARM1, 3-5 and 8 did not co-IP MUC1. The results suggest that ARM1, 3-5 and 8 were required for association and ARM6 and 10 may contribute to MUC1 binding, but ARM2, 7 and 9 were dispensable for association between MUC1 and p120 catenin.
Reexpressing p120 catenin stabilizes E-cadherin and alters morphology in S2-013 cells, and overexpression of MUC1 stabilizes beta catenin in the context of p120 catenin expression. We elected to evaluate the effects of re-expressing the different amino terminal variant isoforms of p120 catenin in the context of low and high expression of MUC1 using the S2-013 cells, which are low in MUC1 expression and deficient in p120 catenin. We observed that E-cadherin and β-catenin expression were extremely low in the S2-013 cell line that lacked p120 catenin (Fig. 5A, Fig. 5B , and Figure S . 2). It had not been previously determined if the low levels of β-catenin and E-cadherin are directly linked to the deficiency of p120 catenin in this cell line. Re-expression of each p120 isoform in S2-013 cells enhanced surface E-cadherin expression in the context of low levels of MUC1, and overexpression of MUC1 did not affect surface Ecadherin levels in any of these cells (Fig.5A ). This suggests that overexpression of MUC1 alone does not induce turnover of E-cadherin, even though it may decrease the association of p120 catenin with E-cadherin ( Fig. 2B, C) . Interestingly, overexpression of MUC1 alone enhanced slightly the levels of β-catenin that were observed at cell junctions (Fig. 5B) ; however, there was a dramatic increase in levels of junctional beta catenin in cells in which MUC1 and any of the P120 catenin isoforms (Fig. 5B) were co-expressed. We previously reported that MUC1 stabilizes beta catenin (22) , and our results here show that this stabilization is enhanced at the cell surface junctions by the presence of any p120 catenin isoform. This implies that there is a MUC1-p120 Given the importance of beta-catenin, p120 catenin and E-cadherin in cell adhesion, we predicted that the effects of re-expression of p120 catenin isoforms on cell morphology and adhesion would also affect cell motility. We examined these parameters by video microscopy of cells undergoing an in vitro wound healing assays, in which confluent monolayers were scratched and cell behavior in the monolayer was observed during closure of the wound.
Results from time-lapse videos showed that control S2-013 neo cells act independently in monolayer cultures and exhibit weak and pliable cell-cell contacts that are maintained as a monolayer (Movie S 1). It was notable that for control S2-013 cells, single cells seldom entered the wound area (only at later stages when the advancing fronts were proximal) and instead that the wound was filled by mass action of cells that were advancing in contact with each other and exhibiting low levels of localized random motion. Expression of MUC1 without p120 catenin in S2-013 cells created cells with enhanced cell motility in a localized manner within the monolayer and, of note, also produced a number of cells that migrated into the wounded area alone or in small groups without maintaining contacts to the monolayer. MUC1 expression enhanced the overall rate of wound closure compared to control cells (Movie S 5).
Strikingly, re-expression of p120 catenin isoform 1A in S2-013 cells induced a highly spindle shaped morphology ( p120 catenin 1A cells) and pliable cell contacts that exchanged with other cells at a rate that was lower than that seen with p120 catenin 1A (Movie S 3). There were projections of groups of cells that advanced to cover the wounded area. Expression of MUC1 in the context of p120 catenin 3A (Movie S 7) produced a slightly more epithelial morphology in the cells and slightly decreased the rate of closure of the wound as compared to p120 catenin 3A cells.
Re-expression of p120 catenin 4A produced a pronounced epithelial morphology of the cells, which also maintained a relatively high degree of localized cell motility and pliable cell contacts with adjacent cells. These cells closed the wound quickly but did not produce a large number of cells that explored the wounded area in the absence of other cellular contacts (Movie S 4). Remarkably, expression of MUC1 and p120 catenin 4A produced cells that were highly epithelial and organized in appearance, with much lower levels of local motion within the monolayer but a high rate of organized and unified growth and motion in the direction of wound closure ( ) re-expressing different p120 catenin isoforms with and without expression of MUC1 were implanted into the pancreas of nude mice and allowed to grow for 30 days, at which time the animals were sacrificed and tumors were analyzed for morphology, growth and metastatic properties. Unmanipulated S2-013 tumors produce a locally advanced tumor in the pancreas and, as previously reported (36) , show metastasis to lymph nodes (Table S1 ). High level expression of MUC1 or re-expression of any single isoform of p120 catenin affected primary tumor volume (Fig. 7A) and metastatic processes. MUC1 enhanced lymph node metastasis (data not shown) (36) . We observed that re-expression of p120 catenin 1A produced tumors that showed greater rates of localized invasion to the spleen (Table S 1) and that p120 catenin 4A produced greater rates of invasion and colonization to the walls of the peritoneal cavity, along with invasion into the muscle and connective tissue of that area. Expression of MUC1 and re-expression of p120 catenin 1A and 4A produced significantly larger tumors in the pancreas (Fig. 7A ) that showed even greater rates of local invasion into the peritoneal cavity and colonization of organs surrounding the pancreas. Remarkably, expression of p120 catenin 3A alone did not affect the size of the primary tumor or the metastatic process; however, re-expression of p120 catenin 3A in the context of MUC1 expression produced a phenotype we have not previously observed in this experimental system: large metastatic lesions to the liver, which exceeded the volume of the primary tumor (Fig. 7B ).
Histological analysis of the primary tumors confirmed that orthotopic control S2-013 cells grow as a moderately differentiated carcinoma with substantial mesenchymal features and a disorganized stromal microenvironment. Expression of MUC1 does not significantly alter the morphology of S2-013 tumors (Fig.   7C) ; However re-expression of p120 catenin isoforms with and without expression of MUC1 affected the histological appearance of the tumors. Re-expression of p120 1A alone created tumors with a more epithelial appearance, and in the context of MUC1 expression created well differentiated tumors that showed evidence of tumor glandular formation and a highly organized stromal microenvironment. Re-expression of p120 catenin 3A or 4A produced tumors that were more epithelial in appearance than parental S2-013 cells, and expression of MUC1 did not dramatically affect the morphological appearance of these tumors (Fig. 7C) . 
Discussion
MUC1 and p120 catenin have been implicated as contributing to progression of cancers from early transformation to metastasis. P120 catenin stabilizes cadherins at the surface of epithelial cells, and paradoxically, isoforms that contain different amino termini are known to influence cell migration through interactions with RhoA, Rac and Cdc42 (37-39). As such, p120 catenin is hypothesized to influence the establishment of a polarized epithelial state and transition to a motile mesenchymal state and vice versa.
Conditional deletion of p120 catenin in the oral cavity, esophagus and squamous forestomach of mice produced dysplasia, hyperplasia and invasive squamous cell cancers with accompanying desmoplasia and immune cell proliferation (40) . Tumor suppressor activity for p120 catenin in this context was ascribed to the finding that tumor cells lacking p120 catenin activated NFkapppaB, Akt and Stat-3, which in turn produced a proinflammatory environment that drove tumor progression. The manner by which loss of p120 catenin upregulated these proinflammatory and protumorigenic pathways has not been defined. It was suggested that re-expression of native p120 isoforms in tumors deficient in these may be a way to ameliorate tumor progression (40) . MUC1 is known to influence and configure the cell surface properties of cells and to engage in morphogenetic signaling in a manner that influences programs of transcription related to epithelial cell biology. MUC1 is overexpressed during tumor progression leading to oncogenic properties that are ascribed to its influence on cell surface properties of cells and to its capacity to directly conduct signals that influence transcriptional programs in the cell, thereby modulating survival, proliferation, differentiation status, and oncogenesis (4). It was previously documented that MUC1 and p120 catenin associate, but the nature of this association and their coordinated influence on the biological properties of normal and transformed cells is poorly understood (23).
Here we extend the initial report that MUC1 interacts with and stabilizes steady state cytoplasmic and nuclear levels of p120 catenin (23) 
We show that p120 catenin protein is not expressed by the S2-013 pancreatic tumor cell line, which was used to map domains of interaction between p120 catenin and MUC1, and to investigate the functional consequences of re-expressing p120 catenin in the context of low levels and high levels of expression of MUC1. S2-013 is the second epithelial tumor cell line reported to date to not express functional p120 catenin.
Daniel and Reynolds previously established that the SW48 cell line does not express p120 catenin and used this cell line to map interactions between p120 and E-cadherin. These investigators found that p120 bound to Ecadherin by ARM domains 1-5 and 7 (41, 42) , and to Kaiso by ARM domains 1-7 (42) . The N and C termini of p120 were not required for association with either E-cadherin or Kaiso, and we show here that the N and C termini of p120 catenin are dispensable for association with MUC1. Results with different ARM domain deletion constructs revealed that ∆ARM 2, 7 and 9 interacted strongly with MUC1, whereas there were weaker interaction with ∆ARM 6 and 10, suggesting that ARM 2, 7, 9 are not required for binding between p120 and MUC1, and that ARM 6 and 10 are not required but may contribute to the interaction. The interactions between p120 and MUC1 require ARM 1, 3-5 and 8.
A current concept is that E-cadherin is frequently lost in human tumors through different mechanisms at the transcriptional level and translational level (43, 44) , and that this loss is associated with epithelial to mesenchymal transition, in which epithelial cells with established cellular polarity undergo a morphological transformation into cells with a mesynchymal shape in order to engage in a program of cell motility that impacts cell migration and metastasis. Previous results suggest that increased E-cadherin expression does not result from effects of p120 catenin on E-cadherin transcription (34) and that p120 catenin stabilizes E-cadherin through protein interactions at cell-cell junctions. MUC1 is not normally expressed at the adherens junction where p120
binds to E-cadherin. There is often loss of apical-basal cellular polarity in tumor cells, which enables the formation of novel complexes between MUC1 and cell surface proteins that are normally expressed at spatially distinct sites (basolateral) in the cell (45) . One possibility is local competition for binding to p120 between MUC1 and E-cadherin, which may promote E-cadherin recycling or degradation, and cause a loss of cell-cell adhesion properties that accompanies epithelial -mesenchymal transition (46) . Our results support the hypothesis that increased MUC1 expression leads to increased interactions between p120 catenin and MUC1 and decreased binding of p120 catenin to E-cadherin. This is consistent with published data showing that primary human bronchial epithelial (HBE) cells treated with smoke-concentrated medium (Smk) displayed increased interactions between P120 catenin and the cytoplasmic tail of MUC1 (MUC1 CT) and decreased P120 catenin/E-cad/ complexes (47) . Decreased p120 catenin stabilization of E-cadherin at the cell surface is predicted to disrupt adhesion junctions. Importantly, we did not observe decreases in E-cadherin levels at the cell surface under conditions of MUC1 expression, but instead observed stabilization of E-cadherin and beta catenin. Furthermore, we observed significant stabilization of beta catenin at the cell surface when MUC1 was expressed together with any of three different isoforms of p120 catenin, which also enhanced the epithelial morphology of these cell types (following fixation and viewing as static photomicrographs).
The static pictures showing epithelial cell morphology and our static analysis of molecular associations between MUC1, p120 catenin and E cadherin do not tell the whole story. Analysis of video microscopy of these cells together with observations of tumor growth properties in vivo provide additional insight into the overall influence of these molecules on cell morphology, motion, motility, tumor growth and metastasis.
Control S2-013 cells deficient in p120 catenin isoforms and MUC1 exhibit a mesenchymal phenotype that when grown as a xenograft presents as a moderate to poorly differentiated carcinoma. Video microscopy of these cells in wound healing assays reveal a monolayer that shows a modest degree of local cellular motility in which the cells slowly exchanged contacts with other cells but maintained contacts within the monolayer.
Expression of different isoforms of p120 catenin with or without MUC1 modified this behavior and tumor growth in patterns that were isoform specific. P120 catenin 1A created cells with very high rates of local motility that remained within the monolayer. P120 catenin 3A created cells that were more epithelial in appearance than the parental cells and exhibited local cellular motility within the monolayer; however, these cells were highly metastatic to the liver when MUC1 was expressed. Re-expression of p120 catenin 4A enforced an epithelial morphology on the cells, which also showed some local motility and exchange of cell contacts and coexpression of MUC1 created cells that appeared highly epithelial in culture and showed little exchange of cell contacts, but instead showed a remarkable and distinctive type of rapid, unified motility.
Tumors from these cells showed a high degree of local invasion and capacity to colonize and invade local organs and structures in the peritoneal cavity.
Taken together the results in this report reveal several new and important features about the oncogenic and biological properties of p120 catenin and MUC1. Firstly, although p120 catenin has been characterized as having tumor suppressor functions (40, 48) and MUC1 has been characterized as an oncogene (49), it is clear that neither of these characterizations is completely accurate. Re-expression of p120 catenin in a deficient cell line did not suppress tumor growth and instead modified the tumor growth and metastatic properties, particularly in the context of high level expression of MUC1, and in some cases rendered tumors much more invasive or metastatic to certain sites. Given that these analyses were conducted in isogenic cell lines, the results strongly suggest that MUC1 and p120 catenin modulate the oncogenic growth properties of tumors in a context dependent manner, by influencing the capacity to move and grow in certain patterns or environments.
The fact that expression of different p120 catenin isoforms with and without MUC1 created cells that showed different morphologies, cell adhesion and motility in cell culture demonstrates that these molecules play a coordinated role in regulating these activities. Previously, this role has been largely ascribed to structural functions of associations between p120 catenin and cadherins at the cell surface, and their posited roles in regulating aspects of epithelial cell adhesion and lack of adhesion during the process of EMT. Our video results highlight that the apparently static cell adhesions stabilized by E cadherin and p120 catenin and observed on fixed epithelial cells are in fact not static, but are instead pliable and associated with different types of motility in the context of maintaining contacts with other cells.
Thus, epithelial appearance, cell adhesion and motility are not strictly linked to cadherin status at the cell surface. Instead, cells can exhibit adhesions that appear epithelial (and include expression of E-cadherin) and simultaneously undertake distinct types of motility including motility within a monolayer while exchanging 
propose that these differences result from combinations of expression of structural-signaling molecules such as different isoforms of p120 catenin and MUC1. The net effects on cell behavior are related to both structural effects in stabilizing molecular complexes at the cell surface, and signaling that contributes to localized motility and also apprise the cell of its structural status and location within a tumor or tissue microenvironment. We do not report here on the consequences of expression of p120 catenin and MUC1 on signaling through Wnt, RhoA, Rac, Cdc42 and other morphogenetic signaling pathways that involve nuclear translocation of MUC1 and p120 catenin. It should not be surprising that these pathways are affected, given previous publications in this subject (37) (38) (39) .
Finally, the consequences of expression of MUC1 and p120 catenin on tumor invasion and metastasis are only partly revealed by analysis of cells in culture. A remarkable example of this is provided by the fact that the combination of re-expression of p120 catenin 3A and overexpression of MUC1 created an aggressive metastatic phenotype that produced large liver metastases, even though there were not significant effects on cell behavior noted in culture. This suggests that a combination of the adhesion and signaling properties conferred by co-expression of MUC1 and p120 catenin 3A was highly favorable for producing cells capable of metastasis to and growth in the liver microenvironment, further suggesting that effects of adhesion to liver cells or growth in the cytokine environment of the liver are also processed through signaling and structural effects mediated by MUC1 and specific isoforms of p120 catenin.
In summary, we present the first report that maps the interaction between MUC1 and p120 catenin to ARM domains 1, 3-5, and 8. Interactions between p120 catenin and MUC1 are common in pancreatic cancer.
We show that p120 catenin is not expressed in the S2-013 cell line, and that re-expressing different isoforms of p120 catenin restores E-cadherin stability in that cell line and affects the epithelial morphology and motile properties of these cells in the context of MUC1 expression. Expression of MUC1 induced motility independent of cell adhesion, whereas overexpression of p120 catenin induced motility while maintaining contacts with other cells, and expression of MUC1 and p120 catenin isoform 4A induced motility while maintaining static epithelial contacts. There were also distinct yet concomitant effects on tumor growth and metastatic properties. Taken together our results demonstrate that structural signaling proteins including MUC1 and p120 catenin influence cell adhesion and motility in important and dynamic ways that are not fully understood. For example, p120 ctn is known to associate with microtubules through the armadillo domain (50) and to regulate microtubule dynamics (51) . Microtubules target focal adhesions to serve as a conduit for proteins that degrade the focal adhesions (52) . This together with the results reported here raise the possibility that MUC1 modulates microtubule organization in concert with p120 catenin and that interactions between p120 ctn with MUC1 affect microtubule stability. The disruption of microtubule dynamics due to the interaction of p120 ctn and MUC1.CT may in turn influence the turnover of focal adhesions and thus affect cell motility. These and other hypotheses that address the biological significance and function of interactions between MUC1 and p120 catenin with respect to structural effects, signaling, transcriptional regulation and microtubule regulation during cell motility and metastasis should be further investigated in the future. Equal amounts of protein lysates from control S2-013 cells and stable derivative clones expressing the indicated recombinant forms of murine p120 catenin were western blotted (IB) with antibodies to the carboxyl terminus of mp120 (8D11), the amino terminus of mp120 catenin (6H11), the carboxyl terminus of MUC1 (CT-2) and beta actin. (B) Lysates from control (neo) and MUC1 overexpressing (MUC1) S2-013 cells that expressed type 3 mp120 (3A-WT); N-terminal deleted type 4 mp120 (4A-WT) or C-terminal deleted type 1 mp120 (1A∆C1) were immunoprecipitated with an antibody to mp120 catenin (or IgG control) and western blotted for MUC1 or mp120 catenin. Interaction between MUC1 and mp120 ARM domain deletion constructs. Lysates of (A) control S2-013.Neo and (B) MUC1 overexpressing S2-013.MUC1F that expressed mp120 with the indicated ARM domain deleted (∆ARM1-10) were immunoprecipitated with mAb 8D11 or mouse IgG control. Immunoprecipitates were split into two equal fractions: one was resolved on an 8% Tris-Glycine gel to detect mp120 by western blotting, and one was resolved on a 14% Tris-Glycine gel to detect MUC1 CT by western blotting. Expression of MUC1 alone or re-expression of p120 catenin isoforms enhanced slightly the levels of β-catenin at cell junctions. There was a dramatic increase in levels of junctional β-catenin in cells expressing MUC1 and any of the p120 catenin isoforms. β-catenin staining is shown as green and nuclei are blue. 
